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SUMNARY 

. A  method i s  g i v e n  f o r  c a l c u l a t i n g  t h e  t e m p e r a t u r e  o f  a 
s u r f a c e  w e t t e d  e i t h e r  by a p u r e  l i q u i d ,  s u c h  as w a t e r ,  o r  by 
a m i x t u r e ,  s u c h  a s  a l c o h o l  and  w a t e r .  T h o  method i s  a p p l i e d  
t o ,  t h e  p rob lem o f  p r o t e c t i n g ,  by a l c o h o l ,  p r o p e l l e r s  and t h e  
i n d u c t i o n  s y s t e m  of t h e  e n g i n e  a g a i n s t  i c e t  The minimum 
q u a n t i t y  of a l c o h o l  r e q u i r e d  i s  c a l c u l a t e d  f o r  a nunber  o f  
a r b i t r a r i l y  chosen  c o n d i t i o n s .  T h e  e f f e c t  o f  e v a p o r a t i o n  o f  
a l c o h o l  i s  shown by r e p e a t i n g  t h e  c a l c u l a t i o n s  f o r  a n0nvoI.a- 
t i l e  f l u i d .  The method c a n  be  a p p l 5 e d  t o  o t h e r  p rob lems  i n  
e v a p o r a t i o n ,  f o r  i n s t a n c e ,  t o  t h e  e v a p o r a t i o n  o f  f u e l  i n  t h e  
i n d u c t i o n  s y s t e m  of t h e  e n g i n e ,  The p s y c h r o m e t r i c  e q u a t i o n ,  
u s e d  i n  wet-bulb h y g r o m s t p y ,  i s  deduced  i n  i t s  g e n e r a l  f o r m .  
The e f f e c t  of k i n e t i c  h e a t i n g  i s  i n c l u d e d  5.n t h i s  e q u a t i o n ,  

I N T R  ODUCT I O N  

' 
The s u b j e c t  of t h i s  n o t e  i s  t h o  e v a p o r a t i o n  f r o m  a wct 

s u r f a c e  in a s t r e a m  of a i r ,  t h e  s u r f a c e  b e i n g  unhea . ted  o t h e r  
t h a n  by c o n v e c t i o n  o f  h e a t  from t h e  a i r a  A f a m i l i a r  example 

*Thi s  r e p o r t  was p r e p a r e d  by Mr, Hardy i n  c o l l a b o r a t i o n  

----I------- - 
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p e r i o d  o f  a c t i v e  p a r t i c i p a t i o n  by Mr, HarcEy i n  t h e  iTACA i c i n g  
r e s e a r c h  program.  

L 



i s  t h e  wet-bulb the rmomete r .  Evap-o ra t ion  i s  c o n s i d e r e d  p r i -  
m a r i l y  i n  c o n n e c t i o n  w i t h  t h e  u s e  of v o l a t i l e  o r g a n i c  l i q Q i d s ,  
s u c h  as a l c o h o l ,  t o  p r e v e n t  t h e  f o r m a t i o n  of i c e  on p a r t s  of 
a n  a i r c r a f t ,  s u c h  as  t h e  p r o p e l l e r ,  o r  t h e  i n d u c t i o n  s y s t e m  
o f  t h e  e n g i n e b  A method i s  p r e s e n t e d  by which t h e  t e m p e r a t u r e  
o f  a s u r f a c e ,  which i s  w e t t e d  by a l i q u i d  c o n s i s t i n g  of one 
o r  more v o l a t i l e  components ,  may be  c a l c u l a t e d .  I t  i s  pos- 
s i b l e ,  t h e r e f o r e ,  i f  t h e  r a t e  a t  wh ich  wnter  r e a c h e s  t h e  s u r -  
f a c e  i s  known, t o  c a l c u l a t e  t h e  minimum r a t s  a t  which any  p9.r- 
t i c u l a r  d e - i c i n g  f l u i d  must b e  s u p g 1 i e d  i n  o r d e r  t o  p r e v e n t  
f r e e z i n g .  

In  t h e  c a s e  of a s u r f a c e  we$ ted  w i t h  w a t e r ,  t h e  e a . u a t i o n  
d e r i v e d  i s  t h e  p s y c h r o m e t r i c  eq  i o n  On i t s  c o m p l e t e  form.  
S i n c e  t h e  e f f e c t  of k i n e t i c  h e a  g i s  i n c l u d e d ,  t h i s  equa- 
t i o n  may be  u s e d  i n  t h e  measurement  o f  h u m i d i t y ,  by' thc? wet- 
b u l b  Z e t h o d ,  a t  h i g h  s p e e d s ,  T h i s  e q u a t i o n  i s  o f  u s e ,  a l s o ,  
i n  c a l c u l a t i n g  t h e  r a t e  o f  h e a t i n g  r e q u i r e d  t o  p r o t e c t  a 
s u r f a c e  exposed  t o  c o n d i t i o n s  o f  i c i n g .  Tha datum ternpcra- 
t u r e ,  i n  c a l c u l a t i n g  t h o  r a t e  .of d i s s i p a t i o n  o f  h e a t  f r o n  
t h e  s u r f a c e  by t h e  wethod g i v e n  i n  r e f e r e n c e s  1 s n d  2 ,  i s  

I t h e  w e t - k i n e t i c  t e m p e r a t u r e  of t h e  s u r f a e o .  T h i s  may be 
c a l c u l a t e d  f rom t h e  p s y c h r o m e t r i c  e q u a t i o n ,  i n  t h e  f o r m  
e n  i n  t h i s  r e p o r t ,  its a3 a l t e r n a t i v e  t o  t h e  method p ropo  
i n  r e f e r e n c a  3 ,  The u s e  o f  t h c  s p e c i s f c  h e a t  of wet a i r ,  as 
p r o p o s e d  i n  t h i s  r e f e r e n c e ,  i s  open t o  t h e  o b j e c t i o n  t h a t  i t  
a p p e a r s  t o  r e q u i r e  t h a t  t h e  s a t u r a t i o n  of t h e  a i r ,  i n  t h e  
v i e i n i t y  of t h e  s u r f a c e ,  i s  m a i n t a i n e d  by e v a p o r a t i o n  af  t h e  
d r o p l e t s  of w a t e r  c a r r i e d  by t h e  s i r ,  I t  a p p e a r s ,  however ,  
f rom t h e  d i f f e r e n t  a p p r o a c h  t o  t h e  p rob lem p r e s e n t e d  i n  t h i s  
r e p o r t ,  t h a t  i t  i s  u n n e c e s s a r y  t o  p o s t u i n t e  n p a r t i c u l a r  
n e c h a n i s n  of e v a p o r a t i o n ,  

T h i s  r e p o r t  i s  c o m p l e n e n t a r y  t o  t h a t  of r e f e r e n c e  1, 
s i n c e  i t  d e a l s  p r i m a r i l y  w i t h  t h e  t h e o r e t i c a l  a s p e c t s  of  
p r o t e c t i o n  a g a i n s t  i c e  by c h e m i c a l s .  The methods of cal-  
c u l a t i o n ,  t hough  ' a p p l i e d  t o  t d e  y r o b l e n  o f  i c i n g ,  a r e  ~ 1 : ~ l i ~  
cable t o  p r o b l e m s  o f  e v a p o r a t i o n  g e n e r a l l y .  They c m l d  be 
u s e d ,  f o r  i n s t a n c e ,  t o  c a l c u l a t e  t h e  r a t e  o f  e v a p o r s t i 9 n  of  

' f u e l  f r o z  a h e a t e d  s u r f a c e  i n  t h e  i n d u c t i o n  s y s t e a  Cf t h e  
e n g i n e .  

SYMBOLS 

The f o l l o w i n g  synbols a r e  u s e d  t h r o u g h a u t  t h i s  r e F f > r t ' :  

, 



!5 rats o f  e v a p o r a t i o n  per u n i t  area, pounds p e r  s e c o n d ,  
square f o o t  

9 r a , t o  o f  t r a n s f e r  of h c a t  p e r  u n i t  area, B r i t t s 3  t h e r m 1  

K C o e f f i c i e n t  o f  e v a p o r a t i o n ,  c i i n e r s i o n l e i s  

k, c o e f f i c i e n t  rjf e v e p o r n t i o n  of w a t e r ,  d i n e n s i o n l e s s  

u n i t  p e r  s e c o n d ,  sq.uaro f o o t  

e 

kh ccJeff i c i e n t  o f  t r a n s f  BT o f  h e a t  d i m e n s i o n l e s s  

C f  c o e f f i c i e n t  ,of s u r f a c e  f r i c t i o l ? ,  d i m e n s i 7 n l e s s  

J n e c h a n i c a l  e q u i v a l e n t  of h e a t ,  foot-pounds p e r  B r i t  i s h  
t h e r m a l  u n i t  

g g r a v i t a t i o n a l  c o n s t a n t ,  f e e t  p e r  second  s q u a r e d  

V, v e l o c i t y  o f  f r e e  s t r c a n ,  f e e t  ;,er s econd  

V, v c l Q c i t y  l o c a l l y  a t  edge  o f  boundr,ry l a y e r ,  f e e t  pero 
s e c o n d  

P d e n s i t y  o f  A . i r ,  pounds  pe r  c u b i c  f o q t  

C e n s i t y  of v a p o T o  pounds p e r  s u b ~ e  f o Q t  Pe 

M m o l e c u l a r  wefght  of a i r  ( =  28.96:) 
a 

M, m o l e c u l a s  we igh t  o f  w a t e r  va9,or ( M w / M a  =: 0 , 6 2 2 >  

M e  n o l e c u l n r  wetghb o f  v a p o r  

n c o n c e n t r a t i o n  o f  v a p o r ,  pounds p e r  pound of  a i r  

e v a p o r  p r e s s u r e ,  n i l l 3 - m e t e r s  o f  mercu ry  

e '  vapar p r e s s u r e  s a t u r a t e d  a i r  a t  t e m p e r a t u r e  t ' ,  
n i l l i n e t e r s  o f  mercu ry  

P b a r o m e t r i c  pressure of a i r ,  n i l l i q e t e r s  o f  Q e r c u r y  

IJ. v i s c o s i t y  of a i r ,  2ounds  p e r  second- ,  f o o t  

k t h e r m a l  c o n d u c t i v i t y  o f  a i r ,  B r i t i s h  t h e r n a l  u n i t s  p e r  
s e c o n d ,  s q u a r e  f o o t  d e g r e e  F a h r e r i h o i t  p e r  feet 
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c s p e c i f i c  h e a t  o f  a i r ,  B r i t i s h . t h e r r m 1  u n i t s  F e r  pound ,  
de gr e e Fa, hr e nhe i t 2 

s p e c i f i c  h e s t  o f  wet a i p ,  B r i t i s h  t h e r n a l  u n i t s  p e r  
poui id ,  d e g r e e  P a h r e n h e i t  

I) d i f f u s i v i t y  o f  vapor  i n  a i r ,  foo l ;  squa red .  p e r  s e c o n d  

L l a t e n t  h e a t  o f  v a p o r i z a t i o z ,  B r i t i s h  t h e r m a l  u n i t s  p e r  
pound 

t t e m p e r a t u r e  , d e g r e e s  F a h r  enho i t  ( u n l e s s  o t h e r w i s e  
s p e c i f i e d )  

t t wet-3ulb t e m p e r a t u r e ,  degrc+cs F a h r e n h e i t  ( u n l e s s  o t h e r -  
w i s e  s p e c i f i e d )  

T r  T a y l o r  Is nurr,bor, d i m e n s i o n l e s s .  , ;  

P r  P r a n d t l  Is number ,  d i n n n s i o n l e s s  

S u b s c r i p t s  

0 r e f e r s  t o  a.mBinnt a i r  a t  s t a t i c  t P m 2 e r a t u r e  

1 r e f e r s  t o  c o n d i t i o n s  a t  t h c  e d g e  of t h e  Bouiidttrg l - a y e ~  

S r e f e r s  t o  t h e  s u r f a c e  

w r e f e r s  t o  w a t c r  v a p o r  

THEO3P , 

I n  t h e  a n a l y s i s  which  f o l l o w s ,  i t  i s  a s sumed  t h a t  t h e  
s u r f a c e  wet tec i  by t h e  f l u i d  i s  i s o l a t e d  theer:,i311$, s o  t h a t  
i t  d o e s  n o t  e i t h e r  r e c e i v e  o r  l o s e  h e a t  by c o n d u c t i o n  o r  
r a d i a t i o n .  I n  t h e s e .  c i r c u a s t s n c e s ,  t h e  t e m p e r a t u r e  sssixrr,ocl 
b y  t h o  s u r f s c e  i s  s u c h  t h a t  t h e  h e a t  l o s t  b y  e v a g o , r a t i o e *  
e q u a l s  t h a t  g a i n e d  by  c o n v e c t i o n .  

2 a t o  o f  E v a p o r a t i o n  

The r a t e  of  e v a p o r a t i o n  f r o n  u n i t  a r e a  o f  a s u r f a c q  i n  
a i r  f l o w i n g  a t  r e l o c i t j r  ?J i s  giv.en By t h e  e q u a t i o n  
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W = kepVo(ris - n,) 

I n  t h i s  k e  i s  t h e  c o e f f i c i e n t  of e v a p o r a t i o n  w h i c h  i s  non- 
d i m e n s i o n a l ,  a n d  which i s  r e l a k e d  by R e y n o l d s E  a n a l o g y  w i t h  
t h e  c o e f f i c i e n t  of s u r f a c e  f r i c t i o n  Cf. The p o t e n t i a l  i n  
t h e  p r o c e s s  o f  t r a n s f e r  i s  G~ - n X D  t h e  d i f f e r e n c e ,  narze ly ,  

between t h e  c o n c e n t r a t i o n  of vapor  in e q u i l i b r i u m  w i t h  t h e  
l i q u i d  a t  t h e  s u r f c c e o  end  t h a t  .in t h e  a i r  o u t s i . d e  t h e  bound- 
a r y  l a ,ye r ,  The c o n c e n t r a t i o n  i s  e x p r e s s e d  as t h e  mass of  
v a p o r  p e r  u n i t  mass of h i r ;  i t  may be e x p r e s s e d  i n ' t e r m s  of * 

v a p o r  p r e s s u r e s  by s u b s t i t u t i o n  f rom t h e  e q u n t i o n  

E q u a t i o n  ( I )  t h e n  becomes 

i n  which es i s  t h e  vapgr  p r e s s u r e  I n  e q u i l i b r i u m  w i t h  t h e  
l i q u i d  a t  t h e  t e m p e r a t u r e  o f  t h e  s u r f a c e  - t h e  s a t u r a t i o n  
v a p o r  p r e s s u r e  ~ t h a t  is, i n  t h e  c a s e  o f  a p u r e  l i q u i d ,  

E q u a t i o n s  (1) and  ( 3 )  can  be a p p l i e d  i r r e s p e c t i v e  of 
whe the r  t h e  p r o c e s s  i s  one of e v a p o r a t i o n  o r  c o n d e n s a t i o n ,  

The value of k e 9  t h e  c o e f f i c i e n t  of  e v a p o r a t i o n ,  i s  

d e t e r m i n e d ,  f u n d a m e n t a l l y ,  by t h e  t h i c k n e s s  o f  t h e  boundaery 
l a y e r  and  t h e  n a t u r e  of t h e  f l o w ,  as  d e f i n i n g  t h e  f i e l d  o f  
d i f f u s i o n ,  a n d  a l s o  by T a y l o r ' s  number ,  a parztmetcr  which 
gi-oes a m e a s u r e  o f  t h e  a c t i v i t y  of t h e  p r o c e s s  o f  d i f f u s i o n ,  
T a y l o r ' s  number,  T r ,  i s  d e f i n e d  as 

i n  which D i s  t h e  d i f f u s i v i t y  of t h e  v a p o r ,  a n d  1 ~ .  and p 
t h e  v i s c o s i t y  and  d e n s i t y  of t h e  gas t h r o u g h  which  t h e  v a p o r  
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i s  d,iff ,y.sing. 
i t y  of nomenturn, u s u a l l y  cal1e.d k i n e m a t i c  v i s c o s i t y ,  t o  t h e  
( 1 i f f u s i v . i t y  o f  t h e  v a p o r .  The e q u a t i o n  which  d e f i n e s  d'i2-e. 
f u s i v l t y  i s  

T a y l o r  1s nbmber i's t h e  ra ' t io o f  t h e  d i f fu , s iv - - .  

% e D _-- I am 
- - - - s  

A dT .dY , 

. .  
i n  which  dm/dT i s  t h e  mass o f  v a p o r  d i f f u s i n g  i n  u n i t  t i m e  
a c r o s s  a n  a r e a  A . ,  a n d  dpe/dg  i s  t h e  c o n c e n t r a t i o n  gra- 

d i e n t .  miher, a p ~ l - i e r l  t o  t he ,  c? i f ?u$ ion  o f  nocenturn,  i n  t h e  
gas  t h r o u g h  which  t h e  v a p o r  fci d i f f u s i n g ,  t h i s  e q u a t i o n  bc- 
comes 

I n  t h i s  e q u a t i o n  (D>I I s  the l ~ s e l f - d i f f ~ ~ s i v i t $ I l  of t h e  ~ ' t s ,  
a n d  f r o m  t h e  k i n e t i c  t h e o r y  o f  gas58  t h i s  i s  squ .a , l  t o  w/p. 
On s u b s t i t u t i n i ;  f o r  (D) ' ,  t h o  e q x a t i o n  'oecomcs t h e  nor:2%1 
e q u w t i o n  which  d e f i n e s  viscosi",r .  T a y l o r  Is nuhl'cer it; % h a  
r a t i ?  .of -(D).' t o  D . .  

1' 

The c o n d u c t i o n  of h e a t ,  aiso, i s  a p r o c e s s  o f  d i k f u s i o i i - . -  
o f  t h e  e n e r g y  of m o l e c u l a r  m o t i o n .  The d i f f u s i v i t y  OS hectt 
i n  a i r  i s  k/pCpl a n d ,  w i t h  a ~ p r o p r i a t e  s u b s k i t u t i o n z ,  equa-  
t i o n  ( 4 )  becornas t h s  n o r n a l  e q u . a t i o ~  which  d e f i n e s  t h e  c3r:J-x~-  
t i v i t y  of h e a t .  I n  t h e  c a s e  of  h e a t ,  t l i9  r a t i o  o f  t h e  c!if.Eu- 
s i v i t y  o f  momentum t o  t h a t  o f  h e a t  i s  c a t l l c d  PI- nd .t 1 ! S XIV.I~:% C i' . 

The v a l u e  of Taylor Is number, l i k e  P r snc i t , l  Is ' nilribor', i s  
i n d e p e n d e n t  o f  p r e s s u r e  , b u t  c h a n g i s  s l o w l y  w i t h  t e x p e r a t v e .  
The d i f f u s i v i t y  o f '  a v a F o r  Bn terms o f  i t s  v a l u e  D S t ,  a t  
G o  c! a n d  a ~ ~ ' e s s u r e  of 1 a t n o s p h e r e ,  i s  g t v e n ' b y  t h e  e q a n l i o n  

where the t e m p e r a t u r e s  are in d k g r e e s  a b s o l u t e ,  a n d  a', has 
a v a l u e  which '  r a n g e s " f r o m * l . 7 5  t o  2 . 0 . '  

The c o e f f i c i n n t  o f  e v a p o r a t i o n  k, i s  r c l n t e d ,  tjiroy.i-:h 
R e y n o l d ' s  a n a l o g y ,  t o  t h e  c o o f f  i c i e n t  o f  transfer of  h o a t  1$1 
as  d e f i n e d  by t h e  e q u a t i o n  
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I n  t h i s  e q u a t i o n ,  A t  i s  t h e  i n c r e m e n t  in t e m p e r a t u r e  f rom . .  
k i n e t i c  h e a t i n g ,  which i s  d i s h s s e d ' i n  a l a t e r  s e c t i o n .  

Reynol.&s a n a l o g y  i s  between h e a t  t r a n s f e r  and s u r f a c e ,  
f r i c t i o n ,  and  e q u a t i o n s  r e l a t i n g  t h e  c o e f f i c i e n t s  a r e  Ce- 
r i v e d  i n  r e f e r e n c e  4 ,  p a g e s  623 t o  5 2 6 ,  and 654  t o  6 5 7 .  
These  e q u a t i o n s ,  w i t h  s u b s t i t u t i o n  o f  c o e f f i c i e n t s  and of  
T r  f o r  Pr, a p p l y  a l s o  t o  E ~ S S  t r a n s f e r ,  F o r  i n s t a n c e ,  
when t h e  flDw i s  l a m i n a r  

and  

. .  . .  

, .  

S O  t h a t  

When t h e  
e q u a t i o n  

f l o w  i s  t u r b u l e n t  t h e  e a u a t  i o n  c o r r  e s p o n d i n g  t o  
( 6 )  5 s  

T h i s  e q u a t i o n  i s  a p p r o x i m a t e ,  bu t  i s  s n f f i c i e n t l ' y  a c c u r a t e  
when V r '  h a s  a v a l u e  n e a r  t o  1, A m a r e  a c c u r a t e  e q u a t i o i ,  
g i v e n  by Yon Kdrmdn, i s  

The p r e c e d i n g  e q u a t i o n s  a l t h o u g h  d e r i v e d  f o r  t h e  f l o w  a c r c s s  
a f l a t  p l a t e  and  t h r o u g h  a p i p e ,  c a n  b e  a p p l i e d  q u i t e  gener -  
a l l y  and w i t h o u t  r e s t r i c t i o n  t o  d e t e r m i n c  t h e  va. lue o f  ic, 
f rom t h a t  o f  kho 

, 
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T e m p e r a t u r e  o f  a Wet S u r f a c e  

The t e m p e r a t u r e  assumed by a wet  s u r f a c e  which  i s  t h o r -  
m a l l y  i s o l a t e d  i s  s u c h  t h a t  t h e  l o s s  of h e a t  by e v a p o r a t i o n  
equa l s ,  t h e  g a i n  o f  h e a t  by c o n v e c t i o n  from t h e  a i r ,  The 
s u r f n c . e  i s  i s o l a t e d  " ter ix .a l ly  i n  the s e n s e  t h a t  t h e r e  i s  no 
g & i n  o r  l o s s  o f  h e a t  by c o n d u c t i o n  o r  r a d i a t i o n .  F o r  s*Jch 
a surfa, ,ce t h e  b a l a n c e  of f l o w  o f  h e a t  i s  g i v e n  by  t h e  eq.i;la- , .  
t i o n  

LW = H 

One v o l a t i l e  cdmponent*-  E'or a s u r f a c e  w e t t e d  e i t h e r  by 
a p u r e  l i q u i d  o r  by a s o l u t i o n  i n  which  one bomponent,  o n l y ,  
i s  v o l a t i - f e ,  s u b s t i t u t i o n  i n  e q u a t i o n  ( 8 )  from e q u a t i o n s  ( 3 )  
a n d  ( 5 )  g i v e s ,  

-- -I------*- 

T h i s  may b e  r e a r r a n g e d  f o r  c o n v e n i e n c e  i n  c a l c u l a t i n g  t h e  
t e m p e r a t u r e  of t h e  s u r f a c e  as f o l l c w s :  

An a p p r o x i m a t e  form o f  t h i s  e q u a t i o n ,  which may be u s e d  at 
. l o w  t e m p e r a t u r e s  when t h e  vapor  p r e s s u r e  i s  srr.311 r e l a t i v e  

t o  t h e  b a r o n e t r i a  p r e s s u r e ,  i s  

_-__--_- Two v o l n t i l g  c o n ~ o i i e n t ~ , -  Xhon t h c  s u r f a c e  i s  v e t t s d  b y  
a l iquicl  c o n s i s t i n g  of  ~ Y O  v o l a t i l e  corripofi9ntsI such a s  ~,l- 
c o h o 1  a n 6  wai;r?r', e a c h  e v a p o r a t e s  i n d a p G a d c n t l y  o f  t h e  o t h e r  , 
s o  t h a t  t h e  e f f e c t  i s  a d 2 i t i v o .  F o r  a s y s t z m  of t i * f O  comqo-  
n o n t s ,  e q u a t i o n  ( 1 0 )  becomes 
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The s e c o n d  component i s  i n d i c a t e d .  by t h e  change i n  s u b s c r i p t .  
The vapor  p r e s s u r e  o f  e a c h  coinyonent i n  e q u i l i b r i u n  w i t h  t h e  
s u r f a c e s ,  e, a n d  c s w ,  is t h a t  a 2 p r o p r i a t e  t o  t h e  m i x t u r e .  
I t  d i f f , e r s  f r o m  t h e  vapor  p r e s s u r e  o f  e a c h  component i n  t h e  
p u r e  s t a t e .  I t  i s  i n p o r t a n t  t o  n o t i c e  t h a t  i t  i s  t h e  C O ~ J O -  
s i t i o n  of t h e  l i q u i d  a,t t h e  s u r f a c e  wh ich  i s  i m p o r t a n t .  
Th ic , ,  i n  g e n e r a l ,  w i l l  d i f f e r  f r o m  t h e  c o n p o s i t i o n  of t h e  
b u l k  o f  t h e  l i q u i f !  u n l e s s  t h e r e  i s  n e c h a n i c a l  m i x i n g ,  s i n c e  
t h e  r a t e s  of cva;2orat ion o f  t41e components  w i l l  b e  unequal; 
i n  f a c t ,  u n d e r  c e r t z i n  ~ o n ~ ~ i t l o i i s ,  one =nay b e  o v a 2 o r a t i n g  
w h i l e  t h e  o t h e r  i s  c o n d ? n a i n g  o c  t h e  s u r f a c s .  

--.-I---- P s r t i a 1 1 X  -__-------_-_-I w e t t e d  s u r f a c e  .- E q u a t i o n s  ( 9 )  -7.36 (10) R ~ ~ - ~ I J ~  
t o  a surfac.:  which  i s  c o q ~ l e t e l y  w e t t e d  w i t h  l i q u i d .  Condi- 
t i o n s  may be  s u c h  t h a t  l e s s  l i q u i d  i s  r e c e i v c d  by t h e  s u r -  
f a c e  t h a n  c o u l d  be e v a p o r a t e d .  T h i s  c o i l d  i t  i o n  o f  p r t  i R 1  
w e t n e s s  r c q u i r e s  t h a t  t h e  eqaa4; ions b e  n o d i f i e c t  bg i i i u l t tF ly -  
i n g  t h e  TScht-ha.nd s i d z  b y  t h o  w c t r r ~ s s  i r i . . t . c t i cn .  The w c t n o s s  

i s  r e c e i v e d  by t h e  s u r f n c e  b;+ t h e  r a t e  a t  w h i c h  i t  w o u l d .  be 
l o s t  by c a a ; ? o r a t i o n  i f  t h o  s u r f a c e  were c o z p l o t ~ ? l y  v e t t e a .  
Thc rs t i !  o f  c v a p o r a t  i o n  is  c a l i c u l a t c d  f r o =  e q u a t i o n  ( 3 ) .  

r 

yl f r a c t i o n  i s  d n t e r n i n e d  3y d i - r i C i n g  the r.at.e a t  v i l i c h  w a t e r  

Tze~- - l~ssch rom(34r i c  e q u a t i o c . . -  The p s z c h r o i x e t r i c  e q u a t i o n ,  
q u o t e d  l a t e r  3,s c q u a t i o n  ( 1 8 )  , i s  t h o  c i f l g i r i c a l  e x p r e s s i o n  
o f  a c o n c i d e r a b l e  body o f  cx!?orimantal  d a t s , .  I t  appl:i..is only 
a t  r a t z s  o f  a i r  f l o w ,  F a s t  -ti?<. b u l b s  o f  t k c  t h e r n o i m t c r s ,  s o  
t h a t  1 r i : i e t i c  h e a t i n g  i s  i n n 2 p r o c i a b l c ,  :3nf! s o  t l ist  t h o  f i e l d  
o f  p r e s s u r e  a r o u n d  t h e  wet b u l b  ? a  of n e g l i t y i b l e  i n t e n s i t y  
a s  com;?ared :\rith t h e  b a r o z n t r i c  p r e s s u r e  i n  t l ic  free s t r e ~ ~ u i - ~ .  
A t  high r a t e s  o f  f l o w ,  i t  i s  e v i d e n t  t h a t  t h e  s h a p e  o f  t h e  
b u l b  r e l a t i v e  t o  t h e  d i r e c t i o r ,  of f l o w  o f  a i r  i s  o f  f~rs3,t 
i n p o r t a n c e .  F o r  i n s t a n c e ,  i n  t i le  c a s e  of a c y l i n d e r  a c r o s s  
wind t h e  t e n p e r a t u r e  t ,  as g i v e n  by c q u a t i o n  ( 9 )  w i l l  v a r y  
a r o u n d  t h e  c y i i n d o r  b e c a u s e  of v a r i a t i o n  of A t ,  and crf ? 1  
a n d  e l .  If t h e  c y l i n d e r  i s  of n a t e r i s l  o f  h i g h  tLxriza1 
c o n d - u c t i v i t p ,  t h e  t e m p e r a t u r e  s s s c n e d  w i l l  b e  s u c h  a s  t o  
s a t i s f y  t h e  b a l a n c e  o f  f l o u  of he6.t o v e r  t h e  whole s u r f a c e  

b e  t h o  a ? p a r c n t  wet b u l b  t c n p c r a t u r z ,  will b e  s u c h  ar: t o  s a t -  
i s f y  t h e  f 3 l l o w i n g  e q u e t  ion 

I of t h n  c y l i n d - e r .  The t e n p e r a t u r s  of t h e  c y l i n d e r ,  which  w i l l  
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i n  wh ich  t b  i s  t h e  t e m p e r a t u r e  o f  t h e  c y l i n d e r ,  a n d  e b  
t h e  v a p o r  p r e s s u r e  $b s a t u r a t i o n  a t  t h i s  t e m p e r a t u r e .  

I n  p s y c h r o m e t r y , '  what i s  r e q u i r e d  i s  t h e  v a p o r  p r e s s u r e  
of  t h e  u n d i s t u r b e d  s t rea . ra ,  e o ,  a n d  i t  i s  e v i d e n t  t h a t  t h i s  
c a n n o t  b e  o b t a i n e d  b y  a n y  s i m p l e  p r o c o s s  o f  c a l c u l a t i o n  f r o u  
t h e  f o r e g o i n g  c y u a t i o n .  I t  c a n  be  o b t a i n e d ,  however ,  if t h e  
bulb of  t h e  thermometer  i s  i n  t h c  f o r m  o f  a f l a t  p l a t e ,  e d g e  
on t o  t h e  f l o w  o f  a i r ,  o r  i s  s u c h  a s  t o  s a t i s f y  t h e  r e q u i r e -  
ments  o f  c o n s t a n c y  b o t h  o f  k i n e t i c  t e m p e r a t u r e  a n d  o f  pres- 
su . re  o v e r  t 3 o ,  s u r f a c e .  

I n  t h e  c a s e  of a t h i n  f l a t  p l a t e ,  b o t h  b n r o m c t r i c  and 
va :nor  p r ' esss res  a t  t h e  6dgc o f  t h e  boundary  l a y e r  a r e  id sn -  
t i c a l  w i t 1 1  t h o s e  i n  t l i o  f r e e  s t rcmm.  % q u a t i o n  (Q), t l i e r e -  
f o r e ,  n a y  b o  r e w r i t t e n  a s  

The .i.alue of t , ,  i n  t h i s  e q u a t i o n ,  L s  .the t e n p c r a t u r o  or" 
t h e  wet p l ~ t e ,  a n d  t h e  e q u a t i o n  may b e  u s e d  for p s y c h r o m t r y  
a t  h i g h  s p e e d s .  

K i n e t i c  I I e a t i n g  

The e f i ' e c t  of k i n e t i c  h e a t i n g  h a s  b e e n  i n t r o s - u c e d  i n t o  
t h e  e q u a t i o n s ,  wh ich  g i v e  t h e  b a l a n c e  o f  f l o w  or" h e n t  t o  and 
f r o m  t h e  s u r f a , c e  , b y  t h e  i n c l u s i o n  of A t , ,  t h e  i n c r e a s e  i n  
t e m p e r a t u r e  c a u s e d  by k i n c t i c  h e a t i n g .  The t e m p e r n t u r e  o f  
t h e  s u r f a c e  when t h e  r a t e  o f  c o n v e c t i o n  of h e a t  i s  z e r o ,  
t h e r e f o r e ,  i s  t ,  f A t , .  

t 

The va,lue o f  A t ,  when t h e  f l o w  i s  l a m i n a r  i s  g ivsy? ,  
i n  r e f e r e n c e  4 ,  by t h e  e q u a t i o n  

When t h e  flow i s  t u r b u l o n t ,  r e f s r e n c e  5 gives 

, 
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T h e s e  c q u a L i c n s  ?resume t h a t  t i zcre  i s  no o v a p o r a , t i o n  
f r o m  d r o p l e t s  oi wafey w h i c h ,  u n d e r  c e r t a i n  c i r c u m s t a n c e a ,  
~zay be  - ; r e s e n t  i n  t h e  boundary  l a , y e r ,  s i n c e  t h e  s p e c i f i c  
h e a t  o f  dr:? a i r  i s  u s e d .  T h i s  i s  c o a s i s t e n t  w i t h  t h e  aSS'J-Icip- 
t i o n ,  i n  e o - u a t i o n  ( 6 ) ,  t h a t  e v n p o r a t i o n  o c c u r s  5nl.y c t  t h e  
s u i - f a c e .  The e f f e c t  o f  e v a p o r a t i o n  with:-n t h o  %ouxir?ary la ,ycr  
w i l l .  'ce c l i s c u s s c d  l w t e r .  

Outs ic ic  t!ic bo:i.ndar; l a y e r ,  t ' ie  e f f e c t  o f  a c h r n g e  o f  
phasc? f r o n  v a g o r  t o  liquid, i s  o f  d j l - e c t  i m p o r t a n c e ,  a s  i t  
a f € e c t s  t h e  v a l u e  o f  t ,, a n d -  e l s o  tine v a l v e  o f  e l .  As a i r  
f l o l w  r o u n d  a b o d y ,  a n d  i t s  v n l . o c t t s  chan:;;os I ~ o m  '7, t o  Y,, 
t h e  yroccss i s  i se : - i tyoplc .  T h r  v,-t?.ue o f  t,, on t h e  assnmp- 
t i o n  o f  10 ch;Ln;;.e o f  p b s c ? ,  is 

Over t3Q f c r w n r 3 .  nar t  oi" tLn a i r f o i l . ,  o r  o t h e r  b o d y ,  i t  is 
p r o b a b l p  t h a t  t L e r e  i s  no C h a n y - P  i n  ph:tse e v e n  i n  a i r  x h j c k ,  
i n i t i a l l y ,  i s  e a t u r n , t e d .  A t  ",he o t h e r  c x t r e : n e ,  i t  ~ ~ i a g  b e  
a s s u m e d ,  i n  thc- C H S C  o f  i?,r i n c r c a s c  I n  v n l o c i t y ,  t h a t  c01i-- 

d e n s a t i o n  o e c i n s  s o  r a p i d l y  t m t  t h e  a i r  r e = a i n s  s 2 , t u r a t c ( 7 .  
I n  t h i s  c a s e ,  t k e  value o f  t,- i s  g i v e n  b y  s x b s t i t u t i n g  t h o  

i n  e q u a t i o n  (15), t h e  vn1u.e s p e c i f i c  h e a t  o f  wct a i ? ,  
o f  cPw beiJ i t ;  givexi b y  o q u a t i o n  (17). !?Le ?irL1ue o f  e i s  
t h e  vaTor  pressure f o r  s a t u r a t i o n  a t  t , .  s q u a t i o n  (17) c a n  
b e  m o d i f i e d  t o  s u i t  a c o n d i t i o n  o f  p a r t i a l .  c o n i i e n s a t i o n  v i t h  
s u p e r s a t u r a t i o n ,  R c o n d i t i o n  i n t e r n c 2 i a t c  be tween  t h e  ?x- 
t r c ines  j u s t  d o f  i n c d .  

c,w ' 
-l 

K i i i c t i c  t c n p e r a t u r o  in c l o u d . -  When d r o y l c t s  o f  water 
% r e  c a r r i c d  h;T t h e  a i r  s t ream,  a s  i s  t h e  c a s e  rrhqn a?.~ -bi:+-- 
c T a f t  p::3wsos t h r o u g h  c l o u d ,  tb.c method ?reposed i n  r e f q r -  
e n c e  3 for c ? , l c u l s t i n g  k i . n e t i c  t c m p c r ~ , t c r c  is t o  x s e  t:ic 
s p e c i f i c  hen.: o f  wet a i r  i n  e q u a t i o n s  (13) arid (1.4). ~ h c  
o b j e c t i o n  t o  t 5 i s  . is th3. t  i t  appe"rs  t o  r e q u i r e  e v ~ , p o r u t i o n  
f r o n :  t h e  d r o p l e t s  s u f f i c i c n t  t o  m-, intain 9, c o ~ d i t i ~ n  9f 
s a t u r a t i o n  through0u. t  t h e  boxnCary 1 a . y - r .  I t  c;:n % e  shown,  
however ,  t h a t  i t  i s  t h o  o v a p o r n t i o n  a.t  t h c  sWfac ( .  v:hi*;h i s  
o f  p r i m a r y  irn27Grtance a n d ,  i n  t h ?  c a s e  o f  r ~ a t e r ,  t h a t  t h a  
role o f  t h c  d r o p l e t s ,  o t h e r  t h a n  j I i  w . 2 t l i n C  t h e  surface, i s  
e n t i r e l y  n o u t r a l .  

_l_l_________l_____-.l-_" __I_- e- 

+ 
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I n  t h e  c a s e  of  w a t e r ,  t h e  d i f f u s i v i t y  o f  t h e  vapor  i s  
e q u a l  t o  t h o  d i f f u s i v i t y  o f  h e a t ,  a s  w i l l  b e  shown i n  t h e  
n e x t  ' s a c t i o n .  The d i s t r i b u t i o ' n  of vapor  i n  t h e  boundary  
l a y e r ,  t h e r e f o r e ,  i s  i d e n t i c a l  w i t h  t h e  d i s t r i b u t i o n  of t e n -  
p c r a t u r e  i f  e a c h  i s  exprpssed i n  t h e  n o n d i m e n s i o n a l  f o r m  

If t h e  a i r  onts t .de  t h e  bounc?ary layer i s  s a t u r a t e d  w i t h  vax3or 
a n 2  t h e  s u r f a c e  i s  w e t ,  t h e  r e l a t i o n  bettzisnvn t h e  d i s t r i b u t i o n  
o f  t e q e r a t u r e  a n d  v a p o r  p r e s s u T e  i s  s u c h  t h a t  a c o n d i t i o n  o f  
s a t u r a t i o n  o b t a i n s  t h r o u g h m t  t h e  boundary  l a g e r .  I t  would 
b e  a n t i c i p p - t o d ,  t h e r e f o r o ,  t h a t  t h e  k i n e t i c  t o q o r a t u r e  o f  a 
s u r f a . c e  i n  c louc? ,  a s  ca lc in l3 , ted  f r o m  t h o  s - p e c i f i c  h e a t  o f  wet 
a i r ,  would 'b+? t k e  same a s  t h a t  c n l . c u l a t e d  f r o m  e a _ u a t i o n  (10) 
f o r  a w e t  s u r f a c e  i n  c l e a r  s a t u r a t e d  air. The i d e n t i t y  nay 
3 0  shown f o r m , l l y .  

The t c n p e r a t u r a  or" t h o  su r l acc ! ,  when calculated Cram thg 
s ? e c i f i c  h e a t  of' v e t  a i r ,  is 

t ,  z= t i  + A t , F ;  (16) 

The val-uc 'of A t , , ,  i s  g i v e n  by  thr? r i g h t - h a n d  s i d e  o f  Iequn- 
t i o n  (13)  o r  ( 1 4 )  w i t h  Cpw s u b s t i t u t c d  f o r  C n ,  s o  t h s t  

i n  wh ich  

Tho v s l u e  o f  6 e / 6 t  i s  t h e  mean f o r  t h e  i n t e r v a l  o f  ~ ~ I Z J ~ P ~ F , - -  

t u r e  t s  - t , ,  s o  t h a t  

$ 6  e s  - e ,  
6 t  t s  6- t ,  
-- c 

By s u b s t i t u t i o n  i n  e q u n t i o r i  ( 1 6 )  
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??hen r n z l t i p l i e d  o u t ,  t h i s  g i v e s  

T h i s  d i f f e r s  from e q u a t i o n  ( 1 0 )  o n l y  i n  the a b ~ c n c e  o f  t h c  
r A t i o  k e / k h .  When t k i s  r - , t i c  i s  u n i t g ,  ?.rhich rea&u-ircs  
t h a t  t h e  d P f f u s i v i t i e s  o f  h e a t  and ox" v a p o r  a r e  e q u a l ,  th ,?  
e q u a t i o n s  a r e  i G e n t i c a 1 ,  

3 v a l u a t i o n  o f  T a y l o r  Is !!Turr.ber f o r  V'ater Papor 

The re  i s  scme u n c s r t a 5 n t g  a s  t o  t h e  c o r r e c t  v a l u e  Gf 
F a y l o r  Is n u n b e r  f o r  w a t c r  v a p o r ,  o w i n g  t o  u n c e r t a i n t y  i n  
t h e  v a l u e  of t h e  d i f f u s i v i t y  o f  t h  v a p o r .  I n  t h e  c a s e  o f  
w a t e r  v a p o r  d i f f u s i n g  t h r o u g h  a? r ,  t k e  v a , l u . e s  fo:. d i f i ' u . s i s i -  
i t y  o b t a i n c d  h;; & i f f  eren:; expe-  i m c n t e r s  r a n g e  fl 'orri  0.1.98 
t o  0 .252  c c n t i m e t e r 2  ye:* s e e o n ? .  L 

f ro :n  t h 9  p s y c l r o m e t r i c  eq-cati.o:i.  T1ii.s i s  g i v e n  i n  r c f n r a n c o  
6 as  

V ~ , ~ . I X C  ~!*-1y % e  de a u c e d  il 

e z - 0 . 0 0 0 6 5 2  p ( t  - t ' ) ( l  + 0 . 0 0 1 0 2  t ' )  (18) 

f o r  g r e s s u r e s  i n  m i l l i m e t e r s  and- t e r n p e r 2 t u r e s  -in d c z r e e s  
c e n t i g r a d e .  I t  s h o u l d  b e  c o m p a ~ e d  w i t h  t31e accurate f o r m  
g i v e n  i n  e q u a , t i o n  (12). T r a n s p o s i n f y  e q u a t i o n  ( 1 2 )  and 
u s i n g  t h e  2p"rne s y m b o l s  a s  i n  ( I - B ) ,  w i t h  p i n  12lace of 
PI, - c , g l l r n s  

so t h a t  f o r  an air t e m p e r a t u r e  o f  32* F 

I t  apppoars, t h e r e f o r e ,  t h a t  Ta,yI.or Is number f o r  m t e r  v a p o r  
i s  almost e x s c t l y  eclual t o  P r n . n d t l ' s  n u y b e r  z t  t h i s  te%pcyr-- 
a , t u r e .  The v a l u e  Sor P r z n c l t l ' s  i iunbcr n t  3 2 O  4 i s  0.71.. -7 



r 

T o  nake T a . y l o r ' s  number equa.1 t o  t h i s ,  t h e  d i f f u s i v i t y  o f  

w a t e r  v a p o r  niust be  2 . 0 1  x lo"* f e e t 2  p e r  s e c o n d  ( 0 . 1 3 6  
cm' /sec) .  Th2  v a l u e  g i v e n  i n  t h e  I n t e r n a t i o n a l  C r i t i c a l  
T a b l e s  i s  0 . 2 2  c e n t i m e t e r 2  p e r  second. .  I t  i s  b e l i e a e d  t h a t  
t h e  v a l u e  deduceti  f r o m  t h e  p s y c h r o m e t r i c  e q u a t i o n  i s  t h o  
m o r e  r e l i a b l e ,  s o  t h a t  i n  e v a l u a t i n g  e q u a t i o n s  ( 9 )  alia (lo), 
f o r  a water-wet s u r f a c e ,  thB r a t i o  k s h . o u l d  b e  t a k e n  

a s  u n i t y .  The r a t i o  c h a n g e s  s l o v l y  w i t h  t e m p e r a t u r e ;  f o r  
i n s t a n c e ,  a t  O* 3' i t  i s  0 . 9 9 6  ani? a t  60° F ,  1.007, 

w'-'-h 

R S S V L T S  OF CALCULATLONS 

A nuraber o f  c : % l c u l a t i o n s  have  been  rnade i n  o r d e r  t o  
d e m o n s t r a t e  t h e  a p p l i c a t i o n  o f  t h e  p r e c e d i n g  e q u a t i o n s  t o  
s p e c i f i c  p r o b l e m s  i n  c o n n o c t i o n  w i t h  p r o t ? c t i o n  o f  t . , i r c r n f t  
a g a i n s t  t h e  f o r m a t i o n  o f  i c e .  The k i n e t i c  ternperxtu.re  o f  
8 wate r -we t t ed  sur facc :  h a s  b e e n  cs1cul:ztecl i n  o r d o r  t o  
d e m o a s t r a t c  t h r .  o f f o c t  o f  k a r o m c t r i c  p r e s s u r e  a n d  tompora- 
turc? of t h o  air, T h o  o f l ' o c t  o f  e v a p o r a t i o n ,  whcii i? v o l a -  
t i l e  o r q a n i c  l i q u i d  i s  u s c d  5 0  p r o v e n t  t h e  f o r m a t i o n  o f  i c e ,  
i s  d a m o n s t r a t o d  by  c a 1 c a l i t t i o n ~  01 t h o  minimun aziount o f  
a l c o h o l  r e q u i r e d  f o r  przr t i c u l a r  c o n d i t i o n s ,  nnci cornpar i i ig  
t h i s  w i t h  t h o  amount r e g - j - i r e d  ttl;letn a n o n v o l a t i l c  l i q t i i d ,  o f  
o t b o r w i s t ?  similar p r o p o r t i c s  , i s  usc3d. The l:,cl"id chos2n  
i s  e t h y l  a l . coho1  s i n c c  t h n r e  a r c  coropl t n  d a t a  f o r  t h i s  i n  
t h e  I n t e r n a t i o n a l  C r i t i c a l  T a b l o s ,  A c a l c u l a t i o n  has b c e n  
made also f o r  m e t h y l  a l c o k o l  t o  d c m o n s t r a t o  t h ?  e f f ' n c t  o f  
a change  i n  t h o  n a t u r r :  o f  th.2 l l q u i d .  

Thesc  c a l c u l a t f o n s  h a v e  b e e n  imdc f o r  a s o c t i o n  o f  a 
b l a d e  o f  a p r o p e l l e r .  C a l c u l a t i o n s  have b e e n  rnz;,de also for 
t h e  c a r b u r e t o r  t o  show t h c  nechan i sm whereby 5ce  forills hhon  
t h e  t e m p e r a t u r e  of t h e  a m b i e n t  air i s  ~ b o v e  f r e e z i n g  a n d  
t h e  q u a n t i t y  of a l c o h o l  n e c e s s a r y  t o  p r e v e n t  t 3 o  i c t . .  

Jn  t h e s e  c a l c u l a t i o n s  t h e  d a t a  f o r  t h e  vr7,po~ p r e s s w e  
o f  a l c o h o l ,  b o t h  p u r e  a n d  i n  s o l u t i o n  w i t h  T r a t e r ,  h i v e  been  
t a k e n  f r o m  t h e  I n t e r n a t i o n a l  C r i t i c a l  Tnlles. The v a l u o  o f  
P r n n d t l ' s  number h a s  b e e n  t a k o n  a s  0 .71  a n d  t h e  value o f  
T a y l o r ' s  number f o r  w a t e r  v a p o r  h a s  b e e n  t a k e n  a s  equal $ 0  

t h i s .  

R inc? t$c  TempErnturns  o f  P r o p e l l e r  3lad.e i n  Wet A i r  

\ C a l c u l a t i o n s  have 'been mndo o f  t h o  t c n p 8 r a t u r . s  a t  a 
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p o i n t  o n  t h e  su r l "ace  o f  a p r o p o l l c r  b l i t d o ,  t a k i n g  th.t l o c s l  
v e l o c i t y  a s  600 f c e t  p e r  s e c o n d  nnd t h o  € l o w  a s  l a m i n n r .  
Thoso hasre b e e n  made f o r  ba ronLe t r i c  73 res su res  o f  '760 1 E i l l i -  
i n e t e r s  a n d  350 m i l l i m e t e r s ,  a n d  f o r  a i r  t e m p e r a t u r e s  ( s t a t i c )  
of O o  F a n d  25O F ,  t h e  air b e i n g  a,ssumed t o  be  s a t u r a t e d  i n  
a a c h  c & s e .  The r e s u l t s  a r c  g i v e n  i n  t a b l e  I .  A s  a n  i n -  
s ta .ncc  o f  % h e  inqthod, t h e  c a l c u l a t i o n  f o r  a t e m p ~ r s t u r c  o P  
00 F a n d  p r e s s u r e  o f  7 6 0  m i I . l i z o t e r s  :nay b c  c i t e d .  F o r  6 0 3  
f e o t  p e r  s e c o n d ,  t h e  v a l u o  'of A'; ,  f o r  dry a i r ,  f r o m  equa- ' 

t i o n  (13) i s  2 5 . 3 0  F ,  s o  t 3a t  e q d t i o n  (10) f o r  thtz! c o n a i -  
t i o n  s p e c i f i e d  i s  

By t r i a l .  i t  i s  f o u n d  t h a t  a valzn ~f 19.4' ? f o r  t s  s n t -  
isf i e s  t h i n  cqu ' i t  i o n .  Thc s u b s t a n t i a l  i? .ecrnase i n  k i n c t i c  
t c r n p ? ~ a t u r e  w i t h  d e c r e a s e  i n  pr7ssurc i s  of  p r n c t i c n l  s i g -  
n i f i c q n c a  i n  t h e  t r t z n s l a t  i o n  02 t h o  r e s u i t s  o f  wind-- tunnel  
t e s t s ,  on t h n  I"ormat i .cn  o f  . ici3,  rmdo a t  g r g u n d  l c v c l ,  t o  
t h e  c o n d i t i o n  which  * l r I l l  occ i i r  at. I i igh  a l t i t u d e  when t h e  
p r o t e c t i o n  f r o m  k i n s t i c  h 3 a t . i n ; ~  I s  i e r , s .  

. .  

The k i n e t i c  t e 3 p r : r a t u r c  of  a r c o t a l  b l a d e  r,f a, p r o p ? l l o r  
i s  i n f l u e n c e d  b y  t h s  conduction o f  h e a t ,  "20th along t h o  
b l a d e  ar,d t h r o u q h  t h o  b l a d e  f r o : ;  t h o  y r c s s i . ? - r P  f..?cc t o  t h o  
c a m b o r e d  f a c e ,  If th.3 blP.dc i s  k o l L o w ,  9~ i s  o f  x s t c r i . t l  
o f  107;. therrm.1- c o n d u c t i v i t y ,  t h e  l o v e s t  :enpc;"a,tur-' t r i l . i  l.:e 
a t  t h e  @ o s i t i o n  whoso t h e  ~ G C ~ ? L  v c ? l o c i t j .  i s  g r c s t c s t .  

T h o  o f f e c t  o f  local velocity i s  shown b y  c a l c u l a t i o n s  
f o r  a v e l o c i t y  1 . 4  t ir-les ti;at o f  t h g  blade o f  ?, g r o p c l l e - s  
w h i c h  i s  t a k e n  8,s 630 f e e t  p e r  s e c o n d ;  t h o  l o s % l  v e l o c i t y ,  
%hex-efori . , ,  i s  842 f c o t  p e r  s e c o n d .  The i n c r e s s ?  i n  ue loc - -  
i t y  c h o s e n  i s  l e s s  t h a n  occu . rs  on t k e  caLnbcr.?d face Y J h C i l  
tht? ~ r o p . ~ l l ~ - . r  i.s w o r k i n g  a t  h.igh i n c i d e n c o .  Thc s t n t i e  
t e y o o r a t u r e  of t h e  u n d i s t u r b e d  a i r  i:; t a k e n  a s  2 5 O  2 ,  t h e  
b a r o n e t r i c  p r e s s u r e  a s  3 5 0  m i l l f m e t c r s ,  a n d  t h 2  a i r  a s  bo-  
i n g  s a t u r a t e d  w i t h  w a t e r  v a p o r .  At t h e  p o s i c i o n  wher; t h o  
v e l o c i t y  r e a c h e s  842 f e e t  per s e c o n d ,  t h e  -press:-ire, c z l c x -  
l a t c d  'Dy B e r n o u l l i ' s  e q u a t i o n  f o r  c o m y r e s x i b l c  flow, i s  2C2 
m i l l i i a e t e r s ,  The s t a t i c  t e m p e r a t u r e  o f  t h e  a i s ,  l o c a l l y ,  i s  
g i v e n  b y  e q u a t i o n  (15)  i f  i t  i s  a s s x n e d  t k a t  t h e  d e c r e a s - 3  i n  
p r e s s u r e  is s o  r a p i d  t h a t  no c o n d e a s r & t i o n  O C C : ~ Y R  i n  t h e  air. 
A c a l c u l a t i o n  has b e e n  made on t k i s  ass7jxpt8io:1 ( a ) ,  nnd a n  
i n d e p e n d e n t  c a l c u l s t  i o n  has b e c n  made a s s u n i n g  c o m p l e t e  con- 
d e n s a t i o n  ( b ) .  

, 



(a,) Assuming no c o n d e n s a t i o n : .  The r e d u c t i o n  i n  t e n p e r -  
a t u r e  o f  t h e  a i r  i s  28.7O F s o  t h a t  t h e  s t a t i c  t e m p e r a t u r e  
l o c a l l y ,  ' b y  e q u a t i o n  (1.5)> i s  -3.70 3 ' .  The v a g o r  p r e s s u r e  
i s  3.43 X -- 2 82 = 2 . 7 6  m i l l i m e t e r s .  If i t  i s  assumed + h a t  , 

350 
t h e  f l o w  i s  l a m i n a r ,  A t ,  h a s  a v a l u e  of 49 .6O F a n d  equa-  
t i o n  ( 2 0 )  g i v e s  t h e  v a l u e  o f  t s  a s  3 0 . 5 O  l?. The e f f e c t  of 
k i n e t i c  h e a t i n g ,  t h e r e f o r e ,  i s  a n  i n c r e a s e  i n  t e m p e r a t u r e ,  
I . o c a l l y ,  o f  5'.50 3; a t  t h e  s t a g n a t i o n  p o i n t  i n  c l e a r  a i r  t h e  
i n c r e a s e  i s  30.00 F. 

( -E) Bssuming c o n p l c t ~  c o n d e n s s t i o r . :  -!?he r c d u c t i o n  iii 
t e m p e r a t u r e  o f  t h e  a i r  i s  g i v e n  b y  e q u a t i o n  (IS) w i t h  t h e  
s p e c i f i c  h e a t  o f  wet a i r  C s u b s t i t u t e d  f o r  Cp. The 

P W  
v a l u e  of C i s  g i v e n  by  e q u a t i o n  ( 1 7 )  w i t h  s u b s t i t u t i o n  

f r o n ;  t h o  e q u a t i o n  
P VJ 

6 e  e o  - 0 1  

S t  t o  - t l  
-- .... ------- -" 

i n  wh ich  t h e  s u b s c r i p t  o d e n o t e s  t h c  i n i t i n l  v a l u e ,  a n n  
1, t h a t  a f t e r  o x p a x s i o n  t o  282 n i l l i x e t s r s  prees1crs.  The 
v a l u c s  o f  t ,  and e?.  n u s t  be f o u n d  by % r i a l  t o  b e  c o n -  
s i s t o n t  , a p p r o x i n a t s l g ,  w i t h  t h e  ~ a l n o  t c a l c u l a t e d  f ~ o n  
e q u a t i o n  ( 1 5 ) .  The r e d u c t i o n  i n  t e m p ? r a t u - r e  is f o z n d  t o  be 
13.6O l?, s o  t h a t  t h o  s t a t i c  t e m p e r a t u r e  oY t h o  a i r  l o c o l l y  
i s  11 .40  3'. T h o  v a l u e  o f  t s ,  which  caxi be c a l c u l a t e d  
o i t h o r  f rom e q u a t i o n  ( 1 6 )  o r  f r o m  e q u a t i o n  (lo), i s  32 .9O 3 ' .  

Ir, t h e  f o r e g o i n g  c a l c c l a t i o n s  i t  i s  s s s u n o d  t h a t  t h e  
s u r f a c e  i s  wet w i t h  v a t e r  even when i h e  t e r n p c r a t u r q  i s  5e-  
l ow f r e e z i n g .  Tho  t e m p e r a t u r e  o f  t h o  su r fzc f?  s o  c a , l c : i ~ . l a t ~ ? d  
g i v o s  the? d a t u n  t e m p e r a t u r e  from which c i t h e r  t h o  r a t e  of' 
h e a t i n g  t o  y r e v c n t  i c e ,  a r  the .  r a t e  oh" i c i n g ,  mcuy b c  cz1c:i- 
l n t o d  by t h o  methods o f  r : ? f e r ? n c e  2 *  

3 In dc! Tompe ratur a s w i t h A 1 c o h o  l-tTc t c T X i  xt u r  r3 s 

C a l c u l a t i o n s  h3,vo be.?n madc fo;* t h ?  C ~ S O  i n  which i c c  
i s  p r e v e n t e d  b y  s u p > l y i n g  c t h y l  a l c o h o l  t o  t h e  b l - idcs  o f  

~ t h e  p r o p e l l e r .  The c e l c a l a t l o n s  hrive been r a p o a t c d  f c y  a, 
n o n v o l s t i l e  f l u i d  h a v i n g  t h e  snr..ic d o y r c s s n n t  e f f e c t  orr t h e  
f r s e z i n g  p o i n t  a s  c t h y l  a l c o h o l .  Fh.e d i f f ' e r e 2 c q  i n  t h e  
q u a n t i t y  of f l u i d  r e q u i r e d  g i v c s  t h c  C X C : ? S E  a l c o h o l  which  
n u s t  b o  supplied i n  o r d e r  t G  n c u t r n l i z e  the r a f Y i g e r a t i n g  

\ 

A 

4 
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e f f ? s t  c i i ~ s e d  by i t s  ~ v x y o r ~ , t i o n .  K siiililar c a l c u l n f i o i l  
h n s  bee-n 2nd.e f o r  n c t h y l  ~ l c o h o l  t o  show how v 3 1 - 2 t i l e  f lu?r i s  
of d i f f c r ? n t  c 3 n p o s i t i o n  nay 50 c o q a r e d .  

< 

I n  t h 3 s c  c n e l c a l x t i o n s  t h o  c c n c q n t r n t i o n  o f  n l c ? h ? ( j l  i n  
soluticn i n  w a t e r  i s  s u c h  t h a t  t h e  f r e e z i n g  p o i n t  i s  dc- 
pressed e x a c t l y  t o  t h e  t s m F e r s t x r o  a s sumed  Fy t h e  % l a d e  
T h i s  may be t e rmed  $l ie  c o r r e c t  r i i ixture 20;. t h ?  p a r t i c u l a r  
c o n d t t i o n s .  h f e w  c a l c u l a i i o n s  h,ave bee:? s a d e  f o r  a, s u r -  
f a c e  w e t t e d  by p u r e  a l c o h o l  t o  i 2 l u s t r a t o  t h e  e f f e c t  o f  
n a , l d i s t r ! . b b t i o n  o f  f l u i d  i n  c o o l i n g  t h e  53.ade by conduc- 
t i o n  o f  k e z t  f r o m  t h e  war;..er t o  the c o l 3 e r  p a r t s .  Tne 
c a l c u l z t l o n s  were w q r k e d  w i t h  chc? t e n p o r n t u r e  i n  d e g r e e s  
c e n t i g r a d e  becr?use t h e  d a t a  iii t h o  I n t . c r n a t , i o n a l  C r i t i c z l  
Tables az-c r:ivon i n  t h i s  s c a l i . .  I n  iilasy c a s e s  t h c  c n l c u - -  
laf5ons h a r e  bc2n na3-e i n  rcTrr?rsif, ~ t a - t i n g  wLth 2x1 assamcd 
t c r n s e r s t u r c  o f  t h e  3!a,do z n d  c s l c u l a t i n , y  t h ?  t e n p , > r n t u r c  
o €  t h c  n2r r c y u i r e e  t o  p r o d u c e  t h i s .  T h i s  p r o c o d u r o  ali.?ws 
a more d i r e c t  c o n p a r i s o n  s i n c e  t h o  c f f o c t  of o v n p o r a t i o n  i s  
d e t e r m i n e &  p r i m , r i l ; , T  b y  the t e n p e r : > , t c r e  of t h e  s7arfs;ce.  

:..fZect o f  eva .pc r3 , t i cn  i s  f o a n L  by ca1cul:: t in.g t h e  
t e m p e r a t u r q  t h a t  t h e  b l a d e  w o v l d  a s s u m  i n  a i r  a t  15.2O 3' 
w i t h  a n o n r o l a t i l e  f l u i d  I an$' c a l c u 1 n t i r . g  t h e  c o n c e n 5 r s t i a n  
of f l u i d  r s q u i r o d .  The f l u i d  i s  as.>-axe2 t o  11avc t h e  gci2e 
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d o p r s s s a n t  e f f e c t  o n  th .e  f r e e z i n g  p o i n t  as  e t h y l  a l c o h o l .  
S u b s t i t u t i o n  i n  e q u a t i o n  (lo), s i n c e  i n  t h j s  c a s e  t h e r e  i s  
one v o l a t i l e  c o n p o n e n t ,  g i v e s  

The vapor  p r e s s u r e  o f  w a t e r  i n  o q u i l i b r i u r n  w i t h  t h e  m i x t u r e  
i s  0 . 9 6  t i l ncs  t h a t  o f  p u r e  w a t e r .  From t h i s  e q u a t i o n ,  t h e  
va,lue o f  i s  25,5O P ,  a n d  thr3 c o n c e n t r a t i o n  o f  f l u i d .  o f  
t h e  same m o l e c u l a r  w e l g h t  as e t h y l  a l .coho1 i s  92 grains p e r  
l i t e r  o f  w a t e r .  Thn o . x c ~ s s  o f  o t h y l  a l c o 5 o l  r cqu j . sod  t o  
n c u t r a l i z c  t h e  r e f r i g a r a t i n g  o f f o c t  producec; b y  i t s  evnp- 
o r a t i o n ,  t h e r e f o r e ,  i k ;  

t s  

p e r  c (3 n t 

The c a l c u l a t i o n s  show t h a t  t h a  :?i'focb o f  o v a p o r a t i o a  
d e e r o a s e s  w i t h  t cmpGra tu re  and i n c r e a s e s  w i t h  a l t i t u c l o ,  
I n  thc r z n g e  o f  t cm-scra turo  in which i c e  i s  u q u a l l y  ~ n c o u n -  
t e r o d ,  :So t o  32' F ,  t h e  w a s t a g o  o f  e t h y l  a l c o h o l  on  a c -  
coun t  o f  i t s  v o l a t i l i t y  i s  c o n s i d o r a b l ~ .  The n o n v o l a t i l e  
f l u i d  w i t h  which  t h o  a l c o h o l  i s  cornpared i s  h y p o t h e t i c a l ,  
b u t  t h c  c o n c o n t r a t i a n s  0: tLn a c t u a l  X1.u.id o f  l o w  v o l a - l t i l l t $  
may bo  cqlcul-atn-?d f r o n  t h o s e  T o r  thn n o n v o l a t i l e  f l u i d ,  
which  a , ro  ? r e s o n t o 6  i n  t a b l o  iI. A f l u i d  s u c h  as r t t h ~ l ? n :  
g l y c o l ,  f o r  i n s t a n c e ,  i s  p r a c t i w l l y  nonvolatile>, an&, 
s i n c e  i t  d o e s  n o t  d i s s o c i a t c  i n  s o l u t i o n ,  t h o  amount r's- 
q u i r e d  w i l l  be  i n  t h e  r a t i o  o f  i t s  irLolrtcular v e i g h t  t o  t h a t  
of t h o  n o n v o l a t i l e  f l u i d  which  i s  t h e  same a s  t h a t  o f  eth;i-l. 
a l c o h o l .  The c o n c e n t r a t i o n  o f  t h e  n o n v o l a t i l e  f l u i d  i n  
t a b l e  1 1 ,  t h e r e f o r e ,  s h o u l d  br? m u l t i p l i e c ?  b y  1 .35  t o  f i n d  
t h e  e q u i v a l e n t  c o n c o n t r a t i o n  o f  e t h y l e n e  g l g c o l .  

The c f f o c t  o f  speed  i s  shovn by  e o a p a r i n g  th:! concon- 
tration of  a l c o h o l  r e q u i r e d  a t  450 f e e t  per  s o c o n d ,  R o .  2 
i n  t h e  t a b l z ,  w i t h  t h a t  r e q u i r e d  a t  250 f e e t  p e r  s c e o n d  
at t h e  samo  t e m p e r a t u r e  of t h o  b l a d e ,  1To. 3 ,  31~6 a l s o  w i t h  
t h a t  r e q u i r e d  at t h e  same t e m p e r a t u r e  o f  t h e  a i r ,  :To1 4 .  
The l as t  shows t h e  r o q u i r c m e n t s  a t  d t f f o - r e z t  n t c t i o n s  a l o n g  
t h e  b l a d e  o f  a, p r o p e l l e r  expose6  t ?  t h e  same c o n d i t l o n s  o f  
i c i n g .  A comparison o n  t h e  b r i s i s  o f  t h o  c o n c e n t r a t L o n  o f  
a l c o h o l  may be  m i s l e a d i n g ,  S c c ~ u s s  i t  t a k e s  no nccour- t  o f  
t h e  r a t e  a t  which  water i s  c a u g h t  b y  t h o  b l a d e .  Tho r a t a  

, 
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OS c 7 , t c h 9  roughl.3-, i s  p r o a o r t i o n a l  t o  t h e  s p e e d ,  S O  t h a t  
rnore a . 1 . c o h o l ,  a c t u a l l y ,  i s  r e q u i r e d  a t  t h o  o u t e r  s t a t i o n  
t h a n  a t  t h ?  innr l r  f o r  t h e  p r t i c u l a r  c o n d i t i o n s  f o r  which 
t h c  caJ.culr. t i o n  w a s  iaade. 

A d i r e c t  c o m p a r i s o n  biotmroe:i m e t h y l  a n d  e t h y l -  a . l c o h o l  
i s  g i v e n  bg t h o  c a l c u l a t i o a s  f o r  a n  aj.r tompl?rs tu- ro  o f  
1-9.29 I’, ? ? o s .  2 and 9 i n  t h e  table. The w e i g h t  o f  n o t h g l  
a l c o h o l ,  p c r  10@0 g r z i i l ~  o f  v a t a r ,  i s  s l i g h t l y  less tli7.n 
t h a t  o f  e t h y l  a l c o h o l .  I n  p r z c t i c s  t h o  a d v n n t n g ~  i s  m o r e  
t h a n  n u l l i f  i e d ,  p r o ? ~ a ‘ L . l y ,  b y  m a l . . d i s t r i b u t i o n  o f  f l u i d  a n ?  
consqqucn t  e x t r a  r e r ” r i g c r 3 . t  ioa o f  t h a  b l a d ~  a s  a who1.e. 
The :i,dvsntag;c o f  methyl : ~ l c c h o l  w i l l  i n c r e a s e  a s  t h e  torn- 
per9it.vx-e i s  lowerr36 . a n d  CUILC~ e f r ’ c c t  cjf ovzpor:l.z i o n  “occcnes 
l e s s  p r o n o u n c e d ,  

The C a r b u r  e t o r  

The  9 r i n c i p a l  featurb i n  t h c  i c i n g  o f  c s r b u r e t o r s  o f  
rnodern d e s i g n  i s  t h o  d n f c c t  i n  k i n e t i c  h e a t i n g  which  (sccu:rs 
when t h e  v e l o c i t y  of t h e  air i s  i n e r e a s , ? &  t o  R ~ O V C  thn,t  o f  
t h e  f r e e  s t r e a m .  T h i s  e f f e c t  h a s  alrsad.: b t e n  c?iscussor? i n  
c o n n e c t i o n  w i t h  ti?? tonners tq . i re  o f  ??I:? ~;~.l i ibereCi . ;u r f&ce  o f  
t h e  b l a d e  o f  R p r o p e l l e r ,  I,i 6h.: c a s e  o f  t i i c  c z i r b ~ r e t o ~ ,  i t  
may be i l l u s t r a to r3  b y  a, c a l c u l a t i o n  o f  t k c  t e m p o r a t u r n  oE 
t h e  s u r f a c e  when t h c  f l o v  o f  .ti:? is t h r o t t l e d ,  

C a l c u l a t i o n s  have bcon  f o r  a t c16pesa tu rc  a t  t 5 e  e n t r y  
t o  t h e  c a r b u r s t o r  o f  3 8 0  F and a ~ r c l o c i t ; .  o f  0 3 E  f c c t  p c r  
s e c o n d .  T h i s  t o n p o r a t u r c  w a s  choacr ,  a s  b c i n g  ni?:tr t o  t h e  

& 
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l i n i t  a t  which i c e  was o b s e r v e d  t o  f o r u  i n  t h e  t e s t s  de- 
s c r i b e 6  i n  r e f e r e n c e  7 when n o  f u e l  was s u p p l i e d  t o  t h e  car:'- 
b u r e t o r .  The v e l o c i t y  h a s  b e e n  c a l c u l a t e d  f rom B e r n o u l l i  Is 
e q u a t i o n  a s  t h a t  e q u i v a l e n t  t o  t h e  d r o p  i n  p r e s s u r e  a c x o s s  
t h e  t h r o t t l e ,  g i v e n  i n  t a b l e  I1 of  t h i s  r e f e r e n c e  - namely ,  
10 .7  i n c h e s  o f  m e r c u r y .  I t  i s  assumed t h a t  t h e  a i r  a t  in -  
l e t  i s  s a t u r a t e d ,  t h a t  t h e r e  i s  no c o n d e n s a t i o n ,  a n d  t h a t  
t h e  f l o w  i s  t u r b u l e n t .  Assuming t h e  v e l o c i t y  a t  e n t r y  t o  
b e  Z A S O ,  t h e  v a l u e  o f  t , ,  from e q u a t i o n  (l5), i s  -34O % ,  
a,nc? t h e  valv-e o f  A t l k  f rom e q u a t i o n  (14), i s  64.80 F. 
The a i r  a t  e n t r y  i s  s a t u r a t . e d  w i t h  w a t e r  v a p o r ;  s o ,  when 
t h r o t t l e d ,  t h e  vapor  p r e s s u r e  i s  

e--- 1.6'*3 x 5 . 8  = 3 . 6 4  m i l l i m e t e r s  
2 9  

the b a r o m e t r i c  pressure nt e n t r y  h e l n g  assumed t o  bo 2 9  
i n c h e s  o f  x e r c u r y .  If' t h n  well i s  v e t t e d .  w i t h  watoi-, oqua- 
t i o n  (10)  Gives  t h e  t ezpa :*n tu ro  a t  t h e  s u r f s c o  t s  a s  
2 8 . i ' O  3'. A c t u x l l y ,  a , t  t he  wall t h e r t !  w i l l  'bc a g r a d i e n t  
i n  t e m p e r a t u r e ,  S G  khat h ~ a t  cond,uctctd- t h r o u g h  t,hc 5 o d y  o f  
t h e  c a r b x c t o r  will cauzje t h e  temperature t o  somewhat 
g r e a t o r  t h a n  t h a t  c a l c u l : i t e d . ,  If c?t'nxl n l c s h o l  i s  u s o d  t o  
p r e v o a t  freezing, t l i c  t e m p e r a t u r e  a t  t h e  s u r f a c e  f o r  a, cor - - .  
r e c t  m i x t u r e ,  f r o m  e y v s t i o r i  (II), i s  2 6 . 8 0  F ,  a n d  ' ~ 2 . 5  ;.rams 
per  lOOG grams o f  w a t e r  : t rc  r e q u i r z d  t o  doy,r - .ss  t i l e  f r o e z -  
ilng p o i n t  t o  t h i s  t o m p e r a t v r e .  

A t  n l t i t . i t d o ,  w i t h  t h o  t h r o t t l e  f u l l y  o p e n ,  th3 Z Q E ~  o f  
h i g h  v e l o c i t y  i s  i n  t h e  b c o s t  v e n t u r i  i n  t h o  3i.xrdix- 
S t r o n b c r g  ty- jo  o f  c a , r S u r e t o r  C n l . c u l a t ~ i o n s  :iizvs beer ,  x a d o  
f o r  t h i s  v i t h  a i r  a t  o n t r y  t o  t h e  c a r b u r e t o r  at a. tonp'trt-,- 
t u r e  o f  3 4 '  F a n d  - p r e s s u r e  o f  350 n i l l i m e t e r s .  A vclocity 
of S O 0  f o c t  p e r  s e c o n d  was chosen ,  which g i v e s  a pressur '?  a t  
t h a  t h r o a t  of 201 m i l l i s c t e r s ,  The v e l o c i t y  i s  high@?:, 
p e r h a p s ,  t h a n  o r d i n a . r i l g  rgould o c c w .  O r ,  t h e  a s s m p t i o r i  
t h a t  n o  c o n d e n s a t i o n  o c c u r s ,  t h e  temperL>,tvrc a t  t h e  sur inc:?  
is c a l c u l a t e d  A S  2 9 , ' 7 O  F ,  t h e  method o f  c ~ , l c u % a t i a n  bein!: 
t h e  same a s  t h a t  d i s c u s s e d  i n  t h e  p r e c g d i n g  p:tragrn:jh. On 
t h e  a s sumpt , ion  t h a t  c o n d e n s a t i o n  i s  c o q l c t e ,  tl?c tcnycrn-- 
t u r e  a t  t h e  s u r f a c e  i s  ~ 2 . 9 ~  3. 

These  c a l c u l a t i o n s  a r e  g i v e n  by wrzz  o f  i l l u s t r a t i n g  tha;; 
method. T h e i r  p r i m a r y  u s e ,  i t  a p p e a r s ,  i s  i n  c .a lcu? .a t inf ;  
t h o  r a t e  o f  h e a t i n g  r e q u i r e d  t o  p r o v e n t  i c e  5g tli,? method o f  
r e f e r e n c e s  1 a n 8  2 .  Tho  p t o b l c m  i n  p r o t e c t i o n  by f l u i d : :  i s  
t o  6 i s t r i b G t e  t h e  f l u i d .  o f f i c i e n t l g .  I n  t h i s  c a s e ,  t h e  

I 
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m t h o d  o f  c a l c u l a t i o n  c a n  b e  u s e d  t o  f i n d  t h e  minimum rate 
o f  s u p p l y  r e q u i r e d ,  o r  t o  compare t h e  m e r i t s  o f  f l u i d s  of  
d i f f e r e n t  c o m p o s i t i o n ,  on t h e  a s s u m p t i o n  o f  p e r f e c t  d i s t r l . -  
b u t  i o n ,  

Ames A e r o n a u t i c a l  L n b o r a t o r y ,  
Wationa, l  A d v i s o r y  C o n n i t t o e  f o r  A e r o n a u t i c s ,  
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